Abstract A mechanical behaviour of random fibrous networks is predominantly governed by their microstructure. This study examines the effect of microstructure on macroscopic deformation and failure behaviour of random fibrous networks and its practical implication for optimisation of its structure by using finite-element simulations. A subroutine-based parametric modelling approach-a tool to develop and characterise random fibrous networks-is also presented. Here, a thermally bonded polypropylene nonwoven fabric is used as a model system. Its microstructure is incorporated into the model by explicit introduction of fibres according to their orientation distribution in the fabric. The model accounts for main deformation and damage mechanisms experimentally observed and provides the meso-and macro-level responses of the fabric. The suggested microstructure-based approach identifies and quantifies the spread of stresses and strains in fibres of the network as well as its structural evolution during deformation and damage. Its simulations also predict a continuous shift in the distribution of stresses due to structural evolution and progressive failure of fibres.
Introduction
A relationship between microstructure and mechanical performance of a nonwoven random fibrous network is the major focus of this study. In the last decade, deformation and damage behaviours of nonwoven have received considerable attention. Experimental studies on characterisation of nonwovens are mainly focussed on determination of their performance or the micro-mechanisms involved in their deformation and damage [1] [2] [3] [4] [5] [6] [7] [8] . Still, these studies can be hardly used for optimisation of a nonwoven network's structure: through they explained the underlying mechanisms of deformation and damage behaviour they could not quantify fractions of fibres participating in load bearing or evolution of microstructure with fabric's extension, due to limitation of experimental setups. Some of experimental studies were focussed on identification of the effect of microstructure on mechanical behaviour of nonwoven networks in terms of strength or extension. Again, there was no information on levels of stresses and strains in individual fibres and changes in microstructure of nonwovens caused by their extension.
Taking into account the difficulties of experimental characterisation of random nonwoven fibrous networks, it can be stated that test-based quantification of performance of this type of materials is not sufficient for comprehensive understanding of their deformation and damage behaviours. One of the main reasons for this is non-trivial linkage between the mechanical behaviour and microstructure and properties of constituent fibres. Numerical simulation is the best way to overcome such limitations of testing approaches, and several studies based on numerical modelling related to deformation and failure of nonwoven networks can be found in the literature. Most of the works in this area have focussed on predicting strength, extension or damage of the fabric under a certain type of loading without any consideration to networks' microstructure and its evolution during their deformation and damage. These studies include the work of Liao and Adnur [9] and Bais et al. [10] , based on the classical laminate theory, in which nonwoven network is considered to be composed of layers, each containing fibres oriented along a specific direction. In addition, Demirci et al. [11] [12] [13] introduced a continuum model based on shell elements to predict the deformation behaviour of the fabric. This model is very useful for assessing mechanical performance of nonwoven fabrics but does not provide any information about their structure. A similar type of model was introduced by Ridruejo et al. [14] , based on a continuum model that included a phenomenological approach for account for damage mechanisms observed experimentally. That model did not mimic the actual microstructure of nonwovens and could not take into account explicitly the related mechanisms involved in deformation and damage.
Recently, Hou et al. [15, 16] and Sabuncuoglu et al. [17, 18] suggested finite-element models with explicit introduction of fibres. These models were very efficient in representing the fabric's actual microstructure and its evolution in terms of fibres and distribution of stresses and strains. However, both of these models were used to predict the deformation behaviour of the nonwoven fabrics without account for their damage.
More recently, a model was developed by Farukh et al. [19] to simulate the deformation and damage behaviour of random fibrous nonwoven networks. This finite-element model was based on a parametric modelling technique used to introduce the fibres directly into the model according to their experimentally measured orientation distribution using a specially developed subroutine. The model predicts the deformation and damage responses of a specimen of the nonwoven fabric under external load. A single-fibre failure criterion was introduced into the model to simulate the damage initiation and propagation behaviour of nonwovens as a result of progressive failure of fibres. Besides, explicit introduction of fibres into the model helps to simulate the main deformation and damage mechanisms observed experimentally. The model was extensively validated against experimental results [19, 20] , and information about a spread of stresses and strains in fibres was obtained. The results in this study are given for two principle directions of nonwovens-machine direction (MD) and cross-direction (CD)-linked to maximum and minimum strengths of nonwoven fabrics. Here, the model is used to study the evolution in fabric's microstructure in terms of reorientation of fibres and spread in stresses in fibres from the initial un-stretched state up to the onset of macroscopic damage in the nonwoven network. This information is vital for optimisation of the structure of nonwoven networks for better strength and reliability. A special attention is paid to the practical implications of the results obtained from the model.
Model for random fibrous nonwoven networks
The finite-element model for simulation of the deformation behaviour of nonwoven networks was developed by the authors following the experimental study on deformation and damage of a nonwoven fabric. In the uniaxial tensile tests of nonwovens, it was observed that fibres start to reorient themselves along the direction of loading thus increasing their participation in load bearing with increase in deformation. As soon as the fibres reached their critical stress or strain threshold, they failed resulting in localised damage in form of fracture zones. Further failure of fibres resulted in damage propagation followed by ultimate failure of the fabric [21] . Apparently, strength of the nonwoven fabric is mostly defined by stretching of fibres as resistance to their reorientation is almost negligible in comparison. Thus, due to preferential orientation of fibres along MD, a considerable reorientation of fibres occurred in loading along CD resulting in a rather compliant response of the fabric in this direction as compared to that in MD [22] . Thus, lack of resistance to fibre reorientation as compared to that of their stretching plays a critical role in defining the anisotropic behaviour of nonwovens.
The model was developed to predict the performance of nonwoven fibrous networks, while reproducing the main mechanisms involved in their deformation and damage. In the model, fibres were introduced explicitly using a subroutine-based parametric modelling technique. The randomness of orientation of fibres incorporated into the model was based on the orientation distribution function, measured experimentally. In order to reproduce fully the random nature of the studied material, the scatter in material properties of the constituent fibres, obtained in experiments, was also included into the model. Finally, the single-fibre failure criterion in terms of critical stress was included into the model. Additionally, after a dedicated experimental study, the scatter in single-fibre failure parameter was also implemented into the model.
The detailed description of development of the model is given elsewhere [19, 20] . Here, only main steps of model development are given for the sake of clarity. The formulation of finite-element model consists of five main stages, performed in a sequence: (1) network generation, (2) input of geometric properties, (3) input of material properties, (4) fibre failure criteria and (5) boundary conditions and loading case. These steps are briefly described below.
Network generation
The process of development of finite-element model was started by the generation of a nonwoven network. It was created by using a discontinuous model with direct introduction of fibres, having, as a result, voids and gaps in it. The material used as a model system in this study was a low-density (20 g/m 2 ) thermally calendered bonded nonwoven fabric based on polypropylene fibres (Fig. 1) . It was composed of two regions-bond points and fibre matrix-having different microstructure. In order to generate a similar network for the finite-element study, bond points were modelled first, according to their shape, size and pattern in the real fabric; the respective parameters are given in Table 1 . Then, the numbers of fibres for bands of orientation angles ranging from 0°to 180°were calculated based on the orientation distribution function (ODF) of fibres in fabric determined from images of the fabric; the process for obtaining ODF is given in [23] . For defining the numbers of fibres, first the total number of fibres in the model was calculated by using an assumption that the entire fibre mass in the model was equal to that of the sample of the fabric with dimensions equal to those of the model. The fibre mass was calculated by subtracting the mass of the bond points from the fabric mass. The latter was calculated using the following relation:
where q Fabric is the fabric's planar density (20 g/m 2 in this study) and A Fabric is the area of the fabric to be modelled. The mass of bond points (m bonds ) was calculated as
where q PP is the density of the constituent fibre material (0.89 g/cm 3 in this study), A bond is the total area covered by bond points within the fabric and t bond is the thickness of bond points. The area covered by bond points (A bond ) is the product of the modelled fabric's area and a specific area of bond points in the fabric. For this calculation, bond points were considered as continuous regions, following the experimental observations. Then, the total fibre mass was obtained as:
Finally, the number of fibres to be modelled was calculated by using the following relation:
where a Fibre is the cross-sectional area of fibres and L single_fibre is the length of individual fibres. This calculation was based on the assumption that fibres lie completely inside the specified fabric region. Since fibres were modelled randomly in the microstructure, characterised with the orientation distribution function, some of the fibres could be located close to the edge of the fabric and parts of them could be outside the modelled region ( Fig. 2 ). For example, a part of fibre B in Fig. 2 is outside the fabric's limits and would be trimmed at later stages of modelling. In order to make the total mass of fibres in the FE model equal to that of the modelled fabric sample, additional fibres were added one by one into the model until both masses became equal. Obviously, there was a small tolerance in mass of the model, which was less than the mass of the single fibre. The reason for this tolerance is that all the fibres had a constant length, and the last added fibre had some additional resulting in this tolerance. Obviously, its effect is relatively small for a model with a large total number of fibres. The process of model building was performed virtually, before starting the actual modelling process, to reduce the computation time.
After calculating the number of fibres to be modelled by this virtual modelling process, generation of a random fabric was implemented following the algorithm shown in Fig. 3 . The number of fibres for each angle band N Fibre (j) was defined by the frequency of fibres in each fibre orientation band multiplied by the total number of fibres: The number of truss elements (lines) for each band in the model of the network is then defined as
where NL(j) is the number of lines having the same orientation as fibres in any particular fibre orientation band. K is the model coefficient, which is equal to the number of fibres represented by each line (truss element). The value of K ranges from 1 to a certain higher value depending on the computational efficiency of the system used for simulations. If it is low, and a higher value of the model coefficient K is used, the geometric properties related to fibre should be updated, respectively. For example, if K = 9 is used, the diameter of the truss element should be three times the diameter of a single fibre. Historically, models with K [ 1 were developed (e.g. [24, 25] ), with each truss element representing several fibres. These models predicted the macroscopic response of a nonwoven material but did not consider damage development or structural evolution of networks. Still, the use of K = 1 can be impractical (or even infeasible) in models with very large total numbers of fibres; in such cases, K [ 1 is the way to implement the simulations. All calculations of the numbers of fibres for particular fibre orientation bands were performed by the special subroutine based on the input parameters characterising the fabric before modelling the fibres; it reduces the time to generate the model with a large number of fibres. The flowchart of calculating and modelling of number of fibres is shown in Fig. 3 . The software used for this purpose was MSC. Patran. Since the nonwoven network in this study was anisotropic with preferential orientation of fibres along the MD, therefore, two models with dimensions 16.5 mm gauge lengths along MD and CD (the width in both cases was 10 mm) were developed using the subroutine to study anisotropic mechanical behaviour of the nonwoven under study. The choice of model dimensions was to optimise, on the one hand, computational efforts of models with large numbers of fibres and, on the other hand, representativeness of the fabric's microstructure with its features.
Geometric and material properties
Bond points were modelled with shell elements (element type 139 in MSC.Marc), while fibres were modelled with truss elements (element type 9 in MSC. Marc), which have only axial stiffness. Since truss elements cannot carry any bending moment, they were appropriate to represent fibres characterised by a rather low flexural stiffness. Thickness of bond points (0.0337 mm) and diameter of single-fibre (0.018 mm), corresponding to the model coefficient K = 1, were assigned to the corresponding elements. The material properties of constituent fibres obtained in experimental studies were introduced directly into the model, since fibres were modelled explicitly. These properties were obtained with tests on single fibres extracted from the fabric: elastic-plastic properties-from singlefibre tensile tests and viscous ones-from single-fibre creep tests. The complete details of these single-fibre experiments can be found elsewhere [19, 20] ; some of the properties are given in Table 2 . For the elastic region, the stress-strain relation was given as
where E is the Young's modulus. Using the flow stress definition with table-based input, the hardening slope at each increment was obtained by numerical differentiation of the values in the table; these values were based on a plot of the stress versus plastic strain for a tensile test. The generalised form of the work-hardening coefficient has the following form:
where d" e p and d " r are equivalent plastic strain and equivalent stress. The flow rule, describing changes in plastic strain component as a function of the current stress state, essential to define the incremental stress-strain relation for plastic material, can be expressed as: 
where
It can be shown (MSC. Marc, 2013) that by rearranging
where C is the stiffness matrix.
The scatter in material properties was implemented into the model by means of sets of fibres with different material properties. The numbers of fibres in each set with certain material properties were assigned according to the statistics of experimental observations; in total, seven fibre sets were used in the model. The material properties of constituent fibres were introduced into the model based on assumption that their cross-section was perfectly circular and the diameter is constant throughout its length. True-stress and true-strain values were computed based on a hypothesis Fig. 3 Flowchart of subroutine to generate nonwoven fibrous network that deformation in fibres took place at a constant volume. The median values of basic mechanical properties of fibres are given in Table 2 . Some of the average properties such as density and melting point were obtained from the data provided by the manufacturer, i.e. FiberVisions, USA.
Fibre failure criterion
In stretched thermally bonded nonwovens, fibres reorient themselves along the direction of loading and start participating in load bearing. They fail on reaching their stress or strain threshold resulting in damage initiation. This process of fibre failures continues until failure of the fabric occurs. Explicit introduction of fibres into the model makes it possible to characterise the changes in network's topology depending on deformation and progressive failure of fibres.
Single-fibre critical stress values were obtained by performing tensile tests on fibres extracted from the fabric in a way that they were attached to bond points at each end; the details of the experiments are given in [26] . These experiments provided the values of strength of fibres in the real fabric that was affected by the manufacturing process. The measured scatter in failure stress of fibres was included into the model; the values of fibres' failure stresses with their frequency for seven sets used in the FE model are given in Table 3 . In the FE model, a fibre was assumed to fail during deformation when the respective failure condition was satisfied (i.e. the stress level in fibre attained its failure stress). The element was removed from the model when this condition was fulfilled to avoid the convergence problem. Since the fabric, used in this study, was bonded at optimal conditions, there were no failures of bond points. Following this experimental observation, no failure criterion was implemented for bond points. The average Young's modulus obtained from single-fibre tensile test was used for the shell elements modelling the bond points.
Boundary conditions and load case
Boundary conditions in FE analysis allow a direct link between the simulation and the respective real-life problem as they represent loads and constraints of the real-life case. The boundary conditions of uniaxial deformation were applied in models of deformation in MD and CD (Fig. 6) . The strain rate of 0.1 s -1 was applied on nodes on one end of the model, whereas its other end was fully fixed. Since any lateral displacements were also not possible in the grips of the testing machine, the transverse degree of freedom of the respective nodes in the model were constrained. Under these conditions, simulations were carried out for 200 % of fabric's extension.
Experimental validation
Rectangular specimens of the nonwoven network cut along MD and CD with dimensions 16.5 mm by 10 mm were tested in tension using the cut-strip test method. The schematics of the sample are shown in Fig. 4 . The ends of the specimen between the grips with rubber inside were restricted with regard to lateral contraction. The tensile tests were carried out at strain rate of 0.1 s - 1 . Further details about the experimental setup can be found in [21] .
The global shapes of the specimens deformed to high strains for both CD and MD shown in Fig. 6 are similar to hourglass. This shape, typical for specimen with constrained lateral contraction, was more prominent in the specimen stretched along MD than CD during the initial stages of the experiments due to the preferential orientation of fibres.
The results of simulations were compared with the experimental data with regard to force-displacement curves as shown Fig. 7 . The curves obtained from simulations overestimate a response of the stretched fabric at the initial stages of its deformation for both directions. Still, the simulated curves are in a good agreement with the experimental ones both for MD and CD. The only difference between experimental and simulation results is the extent of scatter, which is greater in the former case. In simulations, three parameters define randomness in of the modelled material: orientation distribution of fibres, their position in the network and their material properties as shown in Fig. 5 . The fibre positions in network and the bands of particular material properties were assigned using the random-number generator (RNG). Obviously, using different orientation distributions of fibres and assigning different sets of random numbers for position and properties of fibres would give a rise to a scatter in simulation results for multiple statistical realisations similar to that for experimental observations. In order to gain a better understanding of the scatter that can be obtained in simulation, another model with different seeds for RNG for the fibres with the same ODF was developed. The rest of simulation parameters including sets of single-fibre material properties, their failure criterion and boundary condition remained the same for direct comparison. The simulation results in terms of force-extension graph are presented in Fig. 7 with continuous lines. The graph shows that variation only in one of the modelling parameters gives scatter in results; the overall shape of force-extension curve-characterised by a long tail in MD and a sudden drop in CD after the maximum level of network's strength-remained the same. In order to examine the predictive capability of the model, another model-with dimensions 16.5 mm (gauge length) 9 5 mm (width) in MD-was prepared. All other parameters remained the same. The results obtained from the simulation in terms of force-extension curve are shown in Fig. 8 and compared with experimental data for the corresponding sample dimensions. By comparing Figs. 7 and 8, it was observed that the fabric's response was directly affected by the sample's size and the developed FE model is capable to predict that variation in results.
Non-uniform stress distribution
The developed parametric finite-element model was used to obtain distributions of stresses and strains in the nonwoven network. Explicit introduction of fibres into the model allows predictions of the level of stresses and strains in each element (fibre in this case) of the model. Since fibres were modelled randomly, according to the ODF measured for the real fabric and their participation in the load-bearing process changed as they were aligned along the loading direction with stretching of the network, the levels of strain (e f ) in each fibre could deviate from the global strain in fabric (" e) depending upon its orientation Fig. 7 Numerical and experimental force-extension curves of rectangular specimens subjected to tensile loading along MD (a) and CD (b) Fig. 8 Numerical and experimental force-extension curves for specimens of 5 mm width subjected to tensile loading along MD with respect to the loading direction and its position in the network. Respectively, the stress levels in fibres (r f ) were randomly distributed in the modelled specimen at any stage of deformation; this can be observed in Fig. 6 .
Due to a large number of fibre elements involved the simulations (truss elements in model in Fig. 6 ), a special Python code was developed to acquire the level of stress in each fibre. The calculated data for stress distributions in fibres for MD and CD with respect to fabric's extension are shown in Fig. 9 in the form of percentile bands. Since most of the fibres failed at global strain of 100 % in MD, therefore, the results in Fig. 9 are shown up to this level of fabric's extension. In Fig. 9 , each band presents ten percentile ranks of fibres. For MD (Fig. 9a) , stresses in all the fibres increased up to strain of 50 %. With further extension, some 80 per cent of fibres tend to return to their unstressed state due to progressive failure of fibres. Thus, after fabric's extension by 50 % only 20 % of its fibres transfer the load with the rest of the fibres regaining their original unstressed state due to formation of fracture zones. Since progressive failure of fibres resulted in a continuous transfer of load to the neighbouring elements, a sudden increase in stresses in remaining 20 % of fibres bearing load for MD was observed (Fig. 9a) . For CD (Fig. 9b) , a continuous increase in stresses in fibres shows a growing extent of participation in load bearing. Apparently, the gradual increase in stresses in fibres for CD as compared to that of for MD is a result of large reorientation of fibres taking place before their participation in load bearing for CD, which is consistent with the observed ODF. Due to rotation of the fibres during fabric's extension, the orientation distribution function changes continuously. The developed model is capable to capture the continuously varying orientation distribution function as shown in Fig. 10 that provides a comparison between the initial ODF and the one for fabric's extension of 50 % in MD. Since the developed model provides information on fibres participating in load bearing at any level of fabric's extension, it can be used as a tool for optimisation of the structure of nonwoven networks in terms of orientation distribution of fibres to improve its strength and robustness. This can be achieved by arranging the fibres in a network in a way that more uniform stress and strain distributions are obtained. Since the model was developed using the subroutine-based parametric modelling technique, it can significantly reduce the effort required for reformulation of the model necessary to study different network topologies.
Quantitative analysis of structural evolution
The developed Python code was also used to obtain the information about reorientation of fibres in the stretched fabric. The evolution of ODF presented in Fig. 10 can be additionally quantified by introduction of a measure of average reorientation of fibres with increasing levels of fabric's extension. The respective results for loading along both directions-MD and CD-are given in Fig. 11 . This parameter was calculated by subtracting the average of absolute values of fibres' angles with the loading axis for the given stage of deformation from that for the initial, unloaded stage:
The reason behind using the absolute values of angles is to get the net reorientation angle whether it is in a clockwise or an anti-clockwise direction. The comparison with the initial orientation of fibres provides information about evolution of the fabric's microstructure with its extension. For CD (Fig. 11) , the continuous increase in reorientation of fibres was observed as a result of constant evolution of the fabric's network structure with the increasing level of its extension. For MD (Fig. 11) , in contrast, reorientation of fibres was observed up to fabric's extension of 50 %. After this level of extension, formation of failure zones was accompanied by parts of the fabric regaining their initial un-stretched form. This caused the remaining fibres to reorient towards their initial orientation, i.e. the state when no load was applied. However, fibres did not fully regain their initial orientation, demonstrating permanent deformation of the fabric similar to that observed experimentally. Thus, the model is capable to predict the changes in the network's structural evolution with its extension, which can be used to assess the life in service for a nonwoven network in terms, e.g. of loading cycles. Besides, it can provide information on the maximum load-carrying capacity or allowable extension of the nonwoven network before damage initiation; thus, it can be used to introduce the safety factor for products containing nonwoven parts.
Conclusions
The mechanical performance of polypropylene-based thermally bonded nonwoven fibrous network was studied by employing a specifically developed finite-element model. A novel method based on the parametric modelling technique was used to develop the model. The fibres were introduced directly into it according to their ODF obtained from the SEM images of the fabric using the image analysis technique. This microstructure-based numerical approach maintains a relation between a microstructure of the studied nonwoven fibrous network and its deformation and damage behaviours. All the parameters necessary for simulation of such a fibrous network, including the orientation distribution function for fibres, geometric properties, material properties, failure criteria as well as the shape, size, dimensions and pattern of bond points, were obtained from the experiments performed with single fibres and fabrics specimens [19] [20] [21] . The model developed in this study can predict the character of evolution of deformation and damage of the fabric up to its failure in terms of progressive failure of fibres. Thanks to explicit introduction of fibres into the model, it provides the data for a spread of stresses and strains in elements of the network, reorientation of the fibres and fraction of fibres taking the load for any level of fabric's extension. The model shows that for this particular ODF, biased towards MD, extensive rotation of fibres occurred for loading in CD as compared to that in MD. Moreover, only 20 % fibres took part in load bearing after extension of fabric by 50 % in MD, whereas the rest of the fibres started reorienting to regain their original position. However, in CD, continuous rotation of fibres occurred until it reached the maximum value followed by failure of the fabric. Thus, the model was capable to predict the structural evolution of fabric in terms of reorientation of fibres.
Since the model can also predict the stress level for each element of the fibrous network, it can help to find out the areas where the damage will initiate for arbitrary loading conditions. Hence, this model can provide an important set of information about nonwoven networks, which cannot be obtained easily with the existing models or from the experiments. Since fibres are explicitly introduced into the model, which reproduces reorientation in the direction of loading on deformation and changes in participation in the load-bearing process, the model can be extended to study the deformation and damage behaviour of random fibrous nonwoven networks under bi-axial loading as performed in [27] or arbitrary multi-stage loading regimes. Thus, it can be used by a designer and a manufacturer of nonwovens to determine performance and safety factor of products containing nonwoven networks. Moreover, the failure locus with a number of fibres failed at any level of nonwoven network's extension can be predicted using this model.
